INTRODUCTION
It has been proposed (Sneath, 1957a , b) that electronic computers be employed to analyse taxonomic data in accord with the Adansonian principle that classification depends on estimates of the overall similarity between organisms, based on examination of a large number of equally weighted features. The general validity of this approach to bacterial systematics has since been demonstrated in a number of investigations (e.g. Talbot & Sneath, 1960) . Despite some manifest shortcomings in procedure, however, most subsequent workers have adhered rather closely to the details of Sneath's original techniques. We now propose some refinements in methodology which may prove useful in extending and strengthening the application of computers to taxonomic problems. The essential axiom of this 'school' of systematics is that all properties of organisms are of equal importance in creating taxa ; one may make necessary and convenient modifications in techniques without being guilty either of heretical disregard for the basic principles of Adansonian taxonomy or of lack of respect for the creative impetus provided by Sneath.
R. J. BEERS AND W. R. LOCKHART METHODOLOGY-A CRITIQUE
For each of the steps involved in the estimation of overall similarity a number of alternatives may exist which are equally valid logically; the more convenient of these methods are chosen in actual practice (Sneath, 1957b) . On the basis of the experience since accumulated by numerous workers, it may be well to re-apply the criterion of convenience to some of these alternatives. The established method for calculating similarities between pairs of organisms makes use of the expression where ns is the number of features possessed by both organisms and nd is the number of features possessed by one organism but not the other. Each organism is scored as positive ( + ) or negative ( -) for each feature. The symbol ( 0), for 'no comparison', is used when no data are available. Sneath (1957b) used the symbol NC for this purpose. In comparing two organisms, the computer is directed to score ( + + ) as a similarity and ( + -) or ( -+ ) as a difference, ignoring ( --) or any combination containing a zero.
However, difficulties arise in scoring certain properties (such as colony morphology) which cannot be considered simply present or absent. In such instances there may be no logical basis for deciding which is the positive trait. It becomes necessary either to make an arbitrary decision to consider, let us say, the smooth colony as positive (in which case two rough strains would not be scored as similar), or to assign two features to colony morphology: This technique is also useful for scoring quantitatively the response of organisms to a toxic (physical or chemical) environment. Though the usual procedure has been to score all strains as either sensitive or resistant, then to score only the resistant strains on a quantitative basis, it may be argued that there is no such thing as absolute sensitivity or resistance. Any strain will be inhibited when dosage of a toxic agent is great enough, and any strain will be insensitive to sufficiently small concentrations. Thus a given degree of sensitivity may be considered merely as alternative to all other possible states of sensitivity: 
We could by similar reasoning extend this argument to include all quantitative tests. All we really know about an indole or catalase 'negative' culture is that it does not produce enough indole or catalase to give a positive response in the analytical test we have used. Another test, more or less sensitive than the one used, might have given different results. If quantitative tests are included, failure to produce detectable amounts could well be considered as simply one of the alternatives, rather than being scored as a separate property. Two catalase 'positive' strains would not then be scored as similar unless they produced approximately equal quantities of catalase, but perhaps they should not be.
It would not be well to pursue this viewpoint too far, however, especially if one were scoring quantitative data in rather small increments. An alternative would be to score the qualitative test as one feature, then to score quantitative data for positive strains by the method already proposed, marking negative strains ( 0) for ' no comparison ' in each of the quantitative features. This is similar to the technique presently in use. It has the disadvantage that more comparisons are made between positive than between negative strains, magnifying essentially minor dissimilarities among the former. It is observed in practice that relationships among strains tend to be obscured when too much information of this sort is included. It would seem better to omit questions which cannot legitimately be asked of all organisms being surveyed (e.g. ' how much catalase is produced? ' when some strains produce none, 'what is the shape of the leaves? ' when not all the organisms studied have leaves).
Such properties are valuable for precise definition of relationships among closely related organisms, and no individual study need be restricted to features applicable to all bacteria (Sneath, 19573) , but it would perhaps be wise to include in any given survey only tests which apply to all the organisms actually included in that particular study.
Consideration of the hazards encountered when more criteria of similarity are applied to some individuals than to others leads us to re-examine the convention that only 'positive' results are considered as similarities. That is, a test which is scored as negative for both organisms being compared is ignored altogether on the ground that this fact is without significance. As a consequence, since individuals differ in their proportion of positive responses to a given battery of tests, the denominator in the expression varies for each pair of organisms, and with it varies the statistical significance of individual S values in any survey of the similarities among a group of organisms. This variation is likely to be serious when diverse strains are being studied, or when the battery of tests is not carefully selected to yield approximately the same proportion of positive responses for each strain (which in practice is difficult to attain without bias). Within a relatively homogeneous group of actinomycetes, Gilardi et al. (1960) found a disturbing correlation between the percentage of positive tests for any strain and its highest S value. When the same data were analysed using a parameter ( M , ' matching coefficient ') which permitted comparison of properties negative for both strains (Hill et al. 1961) , considerably sharper demarcations were obtained between groups. Our own experiments (Beers, Fisher, Megraw & Lockhart 1962) indicate that results me more meaningful when negative similarities are included.
In justification for restricting the scoring of similarities to positive responses, Sneath (19573) stated that the class of negative properties is almost infinite, and that one does not know where to stop. On the other hand, an almost infinite positive class also could be devised. It is no less sensible to consider two bacteria similar because both lack feathers than to consider them similar because both possess cell walls ; we must trust to the good judgement of individual investigators to eschew such extremes. The problems encountered in actual practice are likely to be more mundane, if equally troublesome. We have already pointed out that special scoring is necessary for those cases in which there is no logical basis for deciding what should be considered the positive trait. Even for tests in which a 'positive' response appears rather obvious, it is not quite safe on genetic grounds to state that negativity constitutes ' absence'. Although we must score phenotypes, we presume taxa are created ultimately on a genetic basis. When a bacterium fails to ferment lactose, for example, while the failure may be due to the lack of an appropriate genetic determinant, it may equally well result from a modified genetic site causing production of an incomplete or altered enzyme, or from the very positive presence of a modifier gene which inhibits overt expression of fermentative capacity. Hill et al. (1961) cited similar arguments in support of their 'matching coefficient'. Even if the view be accepted that similarity should be based only on positive responses, a recurring dilemma is encountered as to whether positivity is merely illusory for any given test. Rather than to engage in endless debate about how many angels can dance on the heads of each of these pins, it seems better to admit frankly that no compelling theoretical arguments exist either for or against comparing apparently negative results as similarities. We are then free to proceed on the pragmatic basis that we will use whichever scoring convention yields superior results; the available evidence seems to favour permitting comparisons between negatives. The scoring technique already proposed could be used in this way. For example:
Features ... ... 
+
This amounts to saying that for any determinable characteristic of an organism there are at least two alternatives, each of equal value in classification. It would seem at first glance simpler to use only one feature in this example, and merely to instruct the computer to accept pairs of negatives as was done by Hill et al. (1961) in defining their M value. But the proposed scoring method would not then be applicable in instances where there are three or more alternatives. As it is, a single uniform scoring convention may be used in all cases, rather than resorting to different scoring methods (Sneath, 1957 b) for different circumstances. Since the expression for calculation of S remains unchanged, it is possible with this scoring technique to count negative comparisons without a1 tering the computer program.
In fact, however, S (or M ) values may not be the most appropriate parameter for expressing relationships among strains. It usually is possible to define groups with fair precision by comparing S values, but relationships within and among groups are not accurately described in this way. The relationships among organisms in nature appear to be organized not as a hierarchy but as a three-dimensional array. (Actually it may be a multidimensional array, but the state of our present knowledge hardly justifies attempting the rather sophisticated mathematics required to depict such an arrangement .) In constructing three-dimensional models of the spatial relationships among enterobacteria, Lysenko & Sneath (1959) found the simple parameter 1 -8 inadequate as a measure of distance between individuals or groups. Needing a distance value that would vary from infinity a t S = 0 to zero at S = 1.0, they chose 1/S -1 and suggested that logl/S would serve equally well.
Rogers & Tanimoto (1960)~ in using computer methods for classifying plants, employed -10g2S( = log, I/S) as their distance parameter, pointing out that this defines a semimetric space in which there may be two individuals (or groups) related to a third in such a way that they are not necessarily related at all to each other. All. such measures have the effect of progressively accentuating the distances between organisms as similarities decrease. In our experiments, we have defined distance as Logarithms to base 2 yield manageable numbers, and are easily handled by digital computers. Finney, Hazlewood & Smith (1955) have prepared convenient tables of logarithms to base 2. We have found D only slightly superior to S as a means of defining groups a t high similarities, but it appears to depict intergroup relationships 41-2 more clearly. Since D, or some alternative measure of distance, seems to express more meaningfully than similarity ratios the relationships among organisms, it would appear desirable to adopt distance as our primary parameter. Such data should prove increasingly useful for comparative purposes as a catalogue of information gradually is accumulated by various investigators working with divers organisms. Since D can be calculated directly, and should be quite adequate also for sorting organisms into groups, S values need not necessarily even be computed.
As we have proposed changing nearly everything else, it may be wondered why we stated earlier that the principle of equally-weighted features is accepted as axiomatic. Although this viewpoint has been defended adequately already (Sneath, 1957~;  Rogers & Tanimoto, 1960) , some further amplification may be in order. This notion is not palatable to many microbiologists, because they 'know ' (from previous experience) that some properties of organisms are indeed more significant than others. But one has only to reflect that the experience on which such judgements are based was itself a somewhat unrefined Adansonian process. All that is really being proposed is that we re-examine, by means of the abundance of data and the greater quantitative accuracy possible from the use of computers, our present concepts about which are the important characteristics. We may discover some whose existence we did not suspect; we shall almost certainly learn that others, presently accepted, are of doubtful validity. In any case, a priori assumptions of importance for particular tests are not justifiable. Selection of key characteristics necessarily follows rather than precedes the establishment of taxa. Perhaps much of the present confusion stems from a failure to distinguish the quite different functions of classification and diagnosis. Only after we know what groups actually exist in nature need we be concerned with the properties which are characteristic for a given group, that is, of diagnostic value.
The possibilities for diagnosis in the computer approach have been largely overlooked thus far. Although computer techniques can establish groups, the only means of diagnosing a new isolate as a member of one of these would be to repeat the entire calculation with the new strain included. Otherwise, traditional methods would have to be used; inspection of the data would show the essential characteristics of each group, and a key would be constructed. It would not be at all difficult, however, to let the computer furnish us with a quantitative description of each of the groups. The data for all the strains in any group which had been established could be furnished, and the machine instxucted to calculate the proportion of positive responses, within that group, for each feature: P = n/N, where n is the number of positive responses for any feature and N is the number of strains in the group. If scoring had been done by the method advocated above, it would be necessary to calculate P for only one of each pair of alternative features (though for each feature in properties with more than two adternatives). The value of P would then be a quantitative description of one property of a group, and a catalogue of P values would constitute a diagnostic description of the group. Very high or low values of P (near one or zero) would indicate key diagnostic characteristics. As with any description of a taxon, such data would be useful only when based on observations of an adequate number of strains. The relationship between P and the number of strains on which it was based would readily yield a statistical estimate of the confidence limits for any alleged property of a group.
One can envisage an ultimate taxonomy in which both objectives of systematicsclassification and diagnosis-are satisfied by computer methods. Taxa would be developed and defined by means of D values, and future catalogues might consist of lists of appropriate P values for each taxon. A statement that P = 0.85 for indole production would be far more helpful than the current 'most strains produce indole'. Further, computer programs could be designed to do the actual labour of diagnosis. An isolate would be subjected to a suitable battery of tests, and-knowing the characteristic P values (and their confidence limits) for each property of various taxa-the computer could furnish not only a diagnosis but a statistical estimate of the reliability of its own findings. The minimum number and kinds of tests for reasonably accurate diagnosis would have been computed beforehand. Such calculations, while a trifle complex, are well within the programming capacity of modern electronic computers. The charms of such a system of diagnosis are readily apparent to anyone who has had the frustrating experience of trying to trace an unknown isolate through even the best of presently available keys.
CONCLUSIONS
It is not our intent to destroy the edifice constructed by many workers on the foundation supplied by Sneath's initial efforts. Only because the structure of this new taxonomy shows itself to be fundamentally sound is it worthwhile to modify it. Any revolutionary development is likely to be somewhat crude in its early stages; experience suggests refinements which could not have been imagined until certain initial steps had been taken. Neither are the techniques suggested here likely to be the ultimate refinement; they may well prove quite naive in the light of future experience.
The scoring method proposed here has the advantages that it appears to deal more adequately with certain kinds of data, eliminating the need for subjective judgements involving essentially non-resolvable questions, and makes possible the application of a single scoring convention to all tests. Even if an investigator does not agree that similarities should be based on 'negative' results, this convention will be useful in scoring many tests where negativity is not clear cut or quantitative data are involved. We feel quite strongly-for reasons outlined earlier-that quantitative tests, or those dependent on the presence of another property, should be included only when they can be made to apply to all the strains included in a particular study .
We have tried only to indicate that our reasons for proposing these modifications are not altogether illogical. Their true test will be that of experience, and their justification (if any) will be that they yield superior results. In the paper which follows (Beers et al. 1962) we have compared the proposed modified methods with other methods, and the results appear encouraging. It is to be hoped that other investigators will test them also. Fortunately the scoring system is such that comparisons will be relatively easy; data need only be re-scored and submitted to the computer program already in use.
There is relatively little practical advantage to be gained a t present by using distance rather than similarity as our primary parameter. On theoretical grounds, however, D would appear to be the preferable measure of relationships between R. J. BEERS AND W. R. LOCKHART organisms, and its advantages should become more apparent as larger quantities of data become available for comparison.
Our final remarks, concerning the application of computer techniques to diagnosis, are of course premature. Although it may be useful in some instances to compute P values as a means of securing descriptions of groups of organisms encountered in individual studies, there are not nearly enough quantitative data available a t present about enough taxa to make feasible any attempts to program a diagnostic scheme. Nevertheless, this must be regarded as a legitimate objective for computer taxonomists. The sooner techniques are devised and adopted for dealing with any unsatisfactory aspects of present scoring schemes, the sooner may we expect to gather enough useful. data to make possible the ultimate step.
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